Proteus mirabilis urease, a nickel-containing enzyme, has been established as a critical virulence determinant in urinary tract infection. An amino acid sequence (residues 308 to 327: TVDEHLDMLMVCHHLDPSIP) within the large urease subunit, UreC, is highly conserved for every urease examined thus far and has been suggested to reside within the enzyme active site. Histidine residues have been postulated to play a role in catalysis by coordinating Ni2+ ions. To test this hypothesis, oligonucleotide-directed mutagenesis was used to change amino acid His-320 to Leu-320 within UreC. The base change (CAT for His-320 to CIT for Leu-320) was confirmed by DNA sequencing. The recombinant and mutant proteins were expressed at similar levels in Escherichia coli as detected by Western blotting (immunoblotting) of denaturing and nondenaturing gels. Specific activities of the enzymes were quantitated after partial purification. Strains expressing the mutant enzyme showed no detectable activity, whereas strains expressing the recombinant enzyme hydrolyzed urea at 149 ,umol of NH3 per min per mg of protein. In addition, the mutant enzyme was able to incorporate only about one-half (58%) of the amount of '3Ni2+ incorporated by the active recombinant enzyme. While the mutation of His-320 to Leu-320 within UreC does not affect expression or assembly of urease polypeptide subunits UreA, UreB, and UreC His-320 of UreC is required for urea hydrolysis and proper incorporation of Ni2+ into apoenzyme.
Proteus mirabilis, a gram-negative enteric bacterium, is a frequent cause of nosocomial and catheter-associated urinary tract infections (25, 32, 43) . Urease (urea amidohydrolase; EC 3.5.1.5) produced by this species catalyzes the hydrolysis of urea to carbonic acid and ammonia (24) . Alkaline pH promotes precipitation of calcium or magnesium ions in urine, which results in the formation of urinary or renal stones composed of carbonate-apatite [Ca1O(PO4 CO3OH)6(OH)] or struvite (MgNH4PO4 6H20) (8) .
P. mirabilis urease plays a significant role in infection. Besides initiating the formation of urinary stones, urease has been implicated as a contributing factor in the pathogenesis of pyelonephritis, hepatic coma, hyperammonemia, complement inactivation, and urinary catheter obstruction (24) . These complications result from the toxicity of ammonia for epithelium and the subsequent rise in urine pH. Using an isogenic strain of P. mirabilis HI4320 in which a specific deletion within the urease structural subunit had been constructed, our laboratory reported that the lack of urease accounts for a reduction in infectivity in CBA mice transurethrally challenged with the mutant as compared with the parent strain (13) . Furthermore, in vitro assays showed that urease appeared to contribute to the cytotoxicity for cultured human renal proximal tubular epithelial cells in conjunction with hemolysin activity of P. mirabilis (23) .
The urease of P. mirabilis, a nickel-containing protein estimated to be 212 to 250 kDa, is composed of three subunit polypeptides, UreA, UreB, and UreC, with predicted molecular sizes of 11, 12.2, and 61 kDa in the ratio of 2:2:1, respectively (15, 16) . The enzyme localizes to the cytoplasm of the cell (15) and is induced solely by urea (28, 29) . * Corresponding author.
The urease from jack bean (Canavalia ensiformis) has been well characterized and the amino acid sequence has been determined by Edman degradation (20, 35) . Biochemical and biophysical studies of the active site of the jack bean urease suggested that a cysteine residue (Cys-592) serves as a general acid catalyst in the hydrolysis of urea. The histidine residues in this region (residues 479 and 607) may bind nickel (35) , a function critical for catalysis (7) .
In contrast to the well-studied jack bean urease, less is known about catalytic activities of microbial ureases. Comparison of the predicted amino acid sequence of P. mirabilis urease subunits with that of jack bean showed very high similarity (58% exact match of amino acid sequence), especially between the amino acids that correspond to the putative active site of jack bean and a region of the UreC subunit of P. mirabilis urease (16) . From these data, we inferred the location of the active site of P. mirabilis urease. We postulated that changing a key amino acid residue within the predicted active site would drastically affect enzyme activity. In this report, we describe the effect of changing the codon for His-320 to that of Leu-320 within ureC which encodes the large subunit of the P. mirabilis urease.
MATERIALS AND METHODS
Bacterial strains and plasmids. P. mirabilis H14320 (urease positive, MR/P and MR/K fimbriated, and hemolysin positive) was isolated from a patient with urinary catheterassociated bacteriuria (14) . Escherichia coli HB101 (FhsdS20 supE44 proA2 leuB6 rpsL20 recA13 lacY] galK2 thi-1 ara-14 mcrB xyl-5 mtl-i), E. Plasmid pMID1003, encoding urease, was constructed from a gene bank cosmid clone of P. mirabilis HI4320 chromosomal DNA (15) . Plasmids pUC19 (31) and pBluescript (Stratagene) were used for subcloning.
Modified urea segregation agar. Urease-positive recombinant clones were differentiated from urease-negative clones on modified urea segregation agar as previously described (12) .
DNA isolation. Plasmid DNA was isolated from cultures by alkaline sodium dodecyl sulfate (SDS) extraction (4) and purified by centrifugation in cesium chloride-ethidium bromide density gradients (21) . Single-stranded phagemid DNA was isolated from cultures of E. coli(pMID1701) infected with a VCS-M13 helper phage (4 x 108 PFU) as described by Sambrook et al. (31) .
Oligonucleotide synthesis. Oligonucleotides were synthesized by the phosphoramidite method on an Applied Biosystems automated DNA synthesizer (model 380 B).
Site-directed mutagenesis. The T7-Gen in vitro mutagenesis system (U.S. Biochemicals, Cleveland, Ohio), described by Vandeyar et al. (41) , was used for oligonucleotidedirected mutagenesis. To convert His-320 to Leu-320, the oligonucleotide 5' ATGGTCTGTCTTCATCTCGAT 3' was used for priming single-stranded template (the wild-type sequence contains an A in place of the underlined T). E Nickel ion transport. E. coli SE5000 containing each construct was grown in M9 minimal medium (containing, per liter, 6 g of Na2HPO4, 3 g of KH2PO4, 0.5 g of NaCl, 1 g of NH4CI, 10 ml of 0.01 M CaCI2, 1 ml of 1 M MgSO4, 10 ml of 20% glucose, and 1 ml of 1% thiamine [21] ) containing no amino acids at 37°C for 18 h. A sample (0.2 ml) from each culture was transferred into 20 ml of fresh minimal medium containing ampicillin (200 ,ug/ml), incubated with shaking (200 rpm) at 37°C until the optical density at 550 nm (OD550) reached 0.2. At this OD, protein concentrations were 0.35, 0.37, and 0.31 mg/ml for E. coli transformed with pBluescript, pMID1701, and pMID1702, respectively. Then 63NiC12 (13.9 Ci/g; Amersham) was added to final concentration of 0.5 ,uM and samples (1 ml) of each culture were removed after 0.25, 0.5, 1, 2, 5, and 10 min of further incubation and filtered through nitrocellulose filters (0.45-Rm pore diameter). Filters were washed three times with 3 ml of phosphate-buffered saline (PBS), pH 7 100°C and centrifuging for 10 min in a microcentrifuge (2) . The supernatant (100 ,ul) was counted by liquid scintillation.
RESULTS
Construction of phagemid for site-directed mutagenesis. Plasmid pJMK7 was constructed by subcloning a 6.0-kb HpaI fragment, generated by partial digestion of pMID1003, into the SmaI site of pUC19 (Fig. 1) . This plasmid encodes an active urease, produced at constitutive levels. Regulatory sequences encoded by ureR (28) are not present in this clone. Phagemid pMID1701 was constructed by cloning the 6.2-kb EcoRI-SalI fragment encoding urease genes from pJMK7 into pBluescript KS II/-cut with the same enzymes.
Recombinant clones (white colonies) were selected on Luria agar containing ampicillin (200 ,ug/ml) and 5-bromo-4-chloro-3-indolyl-13-D-galactosidase (20 ,uglml) . Clones were urease positive on modified urea segregation agar (12) Superose 6. bean urease has been determined by Edman degradation of the single-subunit polypeptide (35) . The nucleotide and deduced amino acid sequences of the ureases of five bacterial species, including P. mirabilis (16) , Proteus vulgaris (26), Helicobacterpylori (6), Kiebsiella aerogenes (27) , and Ureaplasma urealyticum (5), have also been reported. When amino acid sequences were aligned, we demonstrated that the deduced amino acid sequences of UreA, UreB, and UreC of P. mirabilis (16) and the ureases of other species had a high similarity to the amino acid sequence of jack bean urease ( Fig. 1) (16) . One region of amino acid sequence, corresponding to amino acid residues 581 to 600 of jack bean urease and residues 308 to 327 of P. mirabilis UreC (large subunit), is very highly conserved among all species (Fig. 1) One of the 39 urease-positive clones was subjected to nucleotide sequencing and revealed no alteration in wildtype sequence within 750 bp in either direction from the intended site of mutation.
Synthesis of UreC detected by immunoblotting. The catalytically inactive urease encoded by pMID1702 was tested to determine whether the alteration of one nucleotide caused any effect on expression of the large urease structural subunit, UreC. Soluble protein from whole-cell lysates was electrophoresed by SDS-polyacrylamide gel electrophoresis and subjected to Western blotting with antisera to purified M. morganii urease (Fig. 2) . UreC, synthesized by E. coli XL-1 blue (pMID1701) and mutant (pMID1702) had identical electrophoretic mobilities and were synthesized in qualitatively similar amounts. The recombinant ureases both appeared as doublets which were not observed in the wild-type parental strain.
Protein purification. To further investigate whether the change from His-320 to Leu-320 resulted in any subtle alterations in charge, hydrophobicity, or native size, the recombinant and mutant ureases were subjected to a purification scheme used for ureases of other species. Fractions containing urease were detected by measuring enzyme activity for the active recombinant (pMID1701) enzyme or by an ELISA for the inactive mutant (pMID1702) enzyme. Both active and mutant ureases were eluted from DEAESepharose, Phenyl-Sepharose, and Mono-Q column resins under identical conditions and in the same fractions. Ureases were eluted on DEAE-Sepharose at 200 mM KCI, on Phenyl-Sepharose at 0 mM KCl, and on Mono-Q at 100 mM KCl. On the last column, Superose 6, a molecular sieve, both active and mutant proteins eluted at a peak 15.0 ml after loading (Fig. 3) , corresponding to an apparent molecular size of 250 kDa.
To further determine whether the mutation affected the native structure of the enzyme, urease protein that was eluted from the Superose 6 column was electrophoresed on nondenaturing gels, tested for urease activity (Fig. 4A) , and subjected to Western blotting (Fig. 4B) . No Nickel ion requirement. E. coli (pMID1701) was grown with shaking (200 rpm) at 37°C in M9 minimal medium with and without NiCl2 (0.25 ,ug/ml). Urease activity of cell lysates was increased more than 10-fold from a specific activity of 11 ,umol of NH3 per min per mg of protein in the absence of NiCl2 to 121 ,umol of NH3 per min per mg of protein in the presence of NiCl2. This suggested that exogenously added Ni2+ ions could be taken into the cell, resulting in elevated urease activity, an observation consistent with previous studies of the wild-type enzyme (30) .
Transport and accumulation of nickel by E. coli containing urease gene sequences. To determine whether urease gene sequences facilitated Ni2+ transport and accumulation, we measured the amount of Ni2+ ion taken up by E. coli carrying vector alone or cloned urease genes. Initial rates of transport (measured in the first 1 min) for a standardized suspension of E. coli transformed with pBluescript, pMID1701, and pMID1702 were not significantly different (P > 0.1) at 2,572, 1,583, and 3,334 cpm of Ni2+ per min, respectively. When monitored for 60 min, E. coli containing pMID1701 or pMID1702 both tended to accumulate 63NiC12 in higher amounts than E. coli containing vector alone (Fig.  5) . However, a significant difference (P = 0.048) in the amount of 63Ni2' accumulated was reached only after 60 min. There were no significant differences (P > 0.1) between levels of incorporation of 63Ni2+ within the first 60 min by cells harboring recombinant and mutant urease gene sequences (although the mutant tended to be lower at 60 min).
Incorporation of 63Ni2+ into urease protein. Although initial rates of 63Ni2+ uptake were not significantly different between urease clones and vector, the urease clones incorporated more label at 60 min than the vector control. This suggested that Ni2+ ions were being incorporated into cellular proteins, most likely urease. To measure this, we allowed incorporation to continue for 18 h, at which time urease was specifically immunoprecipitated from 500 ptg of soluble protein, derived from French press cell lysates, with antiserum (1:10 dilution) to purified M. morganii urease (Fig.  6) . Negligible 63Ni2+ isotope (<80 cpm) was precipitated from soluble protein derived from cultures of E. coli containing pBluescript vector. On the other hand, antiserum brought down 10,166 + 841 cpm from E. coli (pMID1701) expressing the catalytically active urease. Interestingly, E. coli (pMID1702) containing urease genes with the sitedirected His-320 to Leu-320 alteration was able to incorporate only 5,896 ± 1,179 cpm (58% compared to pMID1701) of 63Ni2+, significantly less (P = 0.007) than the active recombinant clone. Similar results were obtained with a 1:20 dilution of antiserum. The urease encoded by pMID1702 (Leu-320) incorporated only 59% (4,598 ± 1,215 cpm versus 7,743 ± 1,260 cpm; P = 0.036) of the 63Ni2+ bound to the active urease encoded by pMID1701 (His-320). In an independent experiment, counts per minute of 63Ni2+, precipitated from pMID1702, were 40 and 32% of counts per minute precipitated from pMID1701 with 1:10 and 1:20 dilutions of antiserum, respectively.
To determine the relative amounts of urease protein in the soluble protein, we used an ELISA to measure protein recognized by the antiserum directed against M. morganii urease. At a dilution of 1:500, OD405 readings for E. coli, transformed with pBluescript, pMID1701, and pMID1702, were 0.272, 0.324, and 0.386, respectively. These data indicate that the lower number of counts per minute immunoprecipitated from the pMID1702 sample was not due to the presence of less urease protein than that produced by pMID1701. Indeed, more of the enzyme was present in the pMID1702 sample.
Additional histidine mutations. Six other site-directed mutations in residues of UreC were made. Three mutations reduced, but did not eliminate, urease activity (Table 1) .
Plasmids pMID1704 (His-472-+Leu-472), pMID1705 (His-527-Leu-527), and pMID1706 (His-312-+Leu-312) expressed 8, 17, and 3%, respectively, of the activity of pMID1701. Plasmid pMID1703 (His-533--3Leu-533), on the other hand, expressed negligible urease activity and appeared to be catalytically inactive. Plasmids pMID1707 (His-321-*Leu-321) and pMID1708 (Cys-319--3Ala-319) expressed no detectable urease activity. E. coli transformed with these plasmids produced comparable amounts of urease as observed on Western blots of nondenaturing polyacrylamide gels (data not shown). Plasmids pMID1703 and pMID1704 produced ureases that migrated identically to the pMID1701 control protein, suggesting that the enzymes were assembled and did not have significant alterations in quaternary structure. Plasmid pMID1705, in contrast, produced a urease that migrated more slowly, suggesting an alteration in structure. This alteration, however, was apparently not sufficient to abolish catalytic activity.
DISCUSSION
Amino acid residues 308 to 327 of UreC, the large structural subunit of the P. mirabilis urease (16) of P. vulgaris (26) , H. pylon (6) , U. urealyticum (5), and K aerogenes (27) , and the jack bean, Canavalia ensiformis (16) (Fig. 1) (36) ; this has also been predicted for P. mirabilis. Using atomic absorption spectroscopic analysis and titration of the active site with enzyme inhibitors, Todd and Hausinger (37) concluded that each catalytic unit possessed two Ni2+ ions, apparently in close proximity to one another. This was consistent with earlier observations of Dixon (7), working with the jack bean enzyme, who found that Ni2+ ions are coordinated by histidine residues in the active site (11) . One Ni2+ ion, in turn, binds a water molecule which can be displaced by the substrate. The other Ni2+ ion may bind a hydroxyl group that attacks the bound urea during hydrolysis. We find that when one of the histidines (His-320) of UreC is changed to Leu-320, the inactive mutant enzyme is able to incorporate only about half of the amount of 63Ni2" bound by the active recombinant enzyme (Fig. 6 ). This would suggest that each catalytic unit of the mutant enzyme contains only a single Ni2+ ion.
The essential cysteine (38, 39) must be in close proximity to assist in catalysis. When this residue was altered within UreC of the related K aerogenes urease by oligonucleotidedirected mutagenesis (22) , enzyme activity was found to be greatly reduced but not abolished at the normal pH optimum. Activity could be restored at low pH, suggesting that the role of this residue may also be to coordinate Ni2+ ions rather than act as an acid catalyst. Although Cys-319 appears to play an important role in the catalytic reaction, it is apparently not essential for catalysis.
Loss of activity in the mutant (Leu-320) P. mirabilis urease is not due to lack of synthesis of structural subunits or significant disruption of quaternary structure of the native enzyme. E. coli containing pMID1701 (active urease) or pMID1702 (inactive urease) were both shown by Western blot to synthesize UreC, in qualitatively equal amounts (Fig.  2) . These subunits are assembled into the native holoenzyme. Chromatography profiles of recombinant and mutant enzymes run on DEAE-Sepharose, Phenyl Sepharose, MonoQ, and Superose 6 resins showed no differences in elution profiles, suggesting that the histidine replacement did not significantly affect charge of the enzyme, hydrophobic properties, or molecular size of the assembled protein (Fig.  3) .
It must be acknowledged, however, that alteration of His-320 of UreC, leading to loss of catalytic activity, does not unambiguously prove that this residue is directly involved in urea hydrolysis. This change could induce subtle alterations in protein conformation and perturb the activity of essential neighboring residues such as Cys-319 or His-321. It is also possible that the selected mutant, pMID1702, has a second change in the sequence that was not detected because it was farther than 750 bp from the intended mutation (i.e., beyond what was sequenced).
Before nickel is incorporated into the apoenzyme, the ion must gain entry to the cell. Uptake experiments were done to determine whether urease gene sequences played a role in this process. We concluded that P. mirabilis urease gene sequences probably do not directly encode a nickel transport system, since initial rates of nickel uptake were not significantly different between E. coli containing urease clones and vector alone (Fig. 5) . However, in cells expressing urease gene sequences, there was a tendency towards higher amounts of accumulation of 63Ni2+. This suggested that urease-related gene products facilitate uptake, perhaps by providing a "sink" for nickel incorporation. It has been suggested that accessory genes are necessary for insertion of nickel into the urease apoprotein (18) . To accomplish this task, one could envision a model in which Ni2+ ions are actively transported into the bacterium by a separately encoded metal ion transport system (17) . Cytoplasmic Ni2l would be bound by an accessory protein encoded by urease gene sequences which would, in turn, insert the ions into the active site of the newly synthesized apoenzyme possibly in an energy-dependent manner.
